We conducted a placebo-controlled, double-blind, randomized study to evaluate the microbiological efficacy and safety of inhaled tobramycin for treatment of patients with bronchiectasis and Pseudomonas aeruginosa . Patients were randomly assigned to receive either tobramycin solution for inhalation (TSI) (n ϭ 37) or placebo (n ϭ 37), which was self-administered twice daily for 4 wk and followed by 2-wk off-drug. At Week 4, the TSI group had a mean decrease in P. aeruginosa density of 4.54 log 10 colony-forming units (cfu)/g sputum compared with no change in the placebo group (p Ͻ 0.01). At Week 6, P. aeruginosa was eradicated in 35% of TSI patients but was detected in all placebo patients. Investigators indicated that 62% of TSI patients showed an improved medical condition compared with 38% of placebo patients (odds ratio ϭ 2.7, 95% confidence interval [CI] 1.1 to 6.9). Tobramycin-resistant P. aeruginosa strains developed in 11% of TSI patients and 3% of placebo patients (p ϭ 0.36). The mean percent change in FEV 1 percent predicted from Week 0 to Week 4 was similar for the TSI and placebo groups (p ϭ 0.41). More TSI-treated patients than placebo patients reported increased cough, dyspnea, wheezing, and noncardiac chest pain, but the symptoms did not limit therapy. Additional study is warranted to further evaluate TSI in bronchiectasis patients.
Bronchiectasis is a chronic disorder of the major bronchi and bronchioles characterized by permanent dilation and destruction (1) . The origin of bronchiectasis varies, but the presence of microbial infection and a persistent inflammatory response is typical of the disease. This cycle of infection and inflammation periodically develops into an exacerbation that is characterized by symptoms of fever, purulent sputum, and often, pleurisy and hemoptysis (2, 3) . Bacteria commonly isolated from the sputum of patients with bronchiectasis include Haemophilus influenzae , Streptococcus pneumoniae , Staphylococcus aureus , and Pseudomonas aeruginosa (4) (5) (6) .
Patients with P. aeruginosa exhibit more extensive and severe disease as demonstrated by both radiological and physiological studies (6) (7) (8) . Although antimicrobial therapy is an important aspect of disease management for patients with bronchiectasis, only a few small clinical studies have evaluated antimicrobial therapies (5, 9, 10) . None was specifically designed to assess treatment regimens for patients with P. aeruginosa .
Delivery of an inhaled antibiotic is an appealing alternative to oral or intravenous administration because the antibiotic is delivered in high concentrations directly to the site of infection, eliminating the need for high systemic concentrations and reducing the risk of systemic toxicity (11, 12) . These potential benefits have been assessed in patients with cystic fibrosis (CF) who are colonized with P. aeruginosa (13) (14) (15) (16) . Recently, Ramsey and coworkers (17) described the results of large clinical studies in which CF patients treated with tobramycin solution for inhalation (TSI) for three treatment periods of 28 d on-drug and 28 d off-drug had improved lung function, decreased sputum P. aeruginosa density, decreased use of intravenous antipseudomonal antibiotics, and decreased number of hospital days. Chronic endobronchial infection with P. aeruginosa occurs in both CF and non-CF-related bronchiectasis, although not all therapies that are effective for CF are effective in non-CF patients (18) . Therefore, as an initial evaluation of whether TSI might be effective in non-CF patients with bronchiectasis and P. aeruginosa , we conducted a placebo-controlled, double-blind, randomized study to test the antimicrobial efficacy of TSI.
METHODS
Patients were recruited from 16 sites across the United States. The institutional review board at each site approved the study protocol and informed consent. After discussing the study with the site investigator, all patients gave informed consent and were screened for eligibility.
Study Design
Patients included in this Phase 2 study had a diagnosis of bronchiectasis confirmed by conventional or high-resolution computed tomography and had grossly purulent sputum containing, at minimum, 10 4 colonyforming units (cfu) P. aeruginosa per gram. Patients were excluded if they had cystic fibrosis, a diagnosis of allergic bronchopulmonary aspergillosis, and acute pulmonary process requiring medical intervention as indicated by a new infiltrate on a chest radiograph, significant recent hemoptysis, or had received antibiotics within 2 wk of the screening visit.
Eligible patients were randomly assigned in blocks of two to parallel groups at each study center to receive either TSI or placebo. Patients were not stratified on the basis of any criteria. TSI (TOBI; PathoGenesis Corporation, Seattle, WA) is a nonpyrogenic, preservative-free, pH-adjusted solution designed for inhalation. Each 5-ml dose of TSI contains 300 mg tobramycin and 11.25 mg sodium chloride in sterile water for injection. The placebo, 1.25 mg quinine sulfate in the same excipient, was chosen because its taste is similar to tobramycin. Patients in both treatment groups self-administered the study drug twice daily for 28 d using a PARI LC PLUS jet nebulizer (Pari, Richmond, VA) and a Pulmo-Aide compressor (De Vilbiss, Somerset, PA). Investigators and patients remained blinded to study drug assignment until all patients had completed the follow-up visit and data were collected from all study sites.
Study visits were scheduled every 2 wk during the 8-wk study. The first dose of drug was administered at Week 0, 2 wk after screening. Patients visited the clinic for an interim visit at Week 2, for the last day of treatment at Week 4, and for a follow-up visit at Week 6. Patients were withdrawn from the study if they required additional antibiotic treatment at any time during study participation.
At all study visits, vital signs were measured, adverse events were recorded, and a sputum sample was collected for quantitative microbiology and susceptibility testing. At Week 0, before and 30 min after the patient-administered study drug, the forced expiratory volume at one second (FEV 1 ) was measured by standard American Thoracic Society methodology to monitor airway reactivity (19) . Blood was drawn 30 to 60 min after drug administration for analysis of serum tobramycin concentration. At Week 4, airway reactivity was again monitored, a physical examination was performed, and laboratory tests that were performed at screening were repeated. Compliance was measured at Week 4 by counting the number of vials of study drug used.
Serum chemistry, hematology, and serum tobramycin concentrations were performed at a central laboratory. Quantitative sputum bacterial culture and measurement of tobramycin minimum inhibitory concentrations (MIC) for P. aeruginosa were performed at a central laboratory (Children's Hospital and Regional Medical Center, Seattle, WA) as described by Burns and coworkers (20) . Sputum samples collected at each study visit were shipped on wet ice for receipt within 48 h at the central laboratory.
Endpoints
The primary efficacy endpoint was the change in P. aeruginosa density (expressed as log 10 cfu/g sputum) from baseline to Week 4. Additional efficacy endpoints included the following: ( 1 ) the change in P. aeruginosa density from baseline values to Week 2 and to Week 6; ( 2 ) an investigator's subjective assessment of change in the patient's general medical condition ("improved" or "not improved") was made and recorded at Week 6; and ( 3 ) the percent change in FEV 1 percent predicted and in FVC percent predicted from Week 0 to Week 4. Percent predicted values were calculated by dividing the actual values of FEV 1 or FVC by the values predicted by the Knudson equations for normal, healthy individuals based on sex, age, and height and multiplying by 100 (21) . Safety endpoints included the incidence of adverse events, change in serum chemistry and hematology measurements, and airway reactivity.
Each patient's microbiological response was categorized according to whether P. aeruginosa was eradicated, reduced by treatment, or did not respond to treatment. P. aeruginosa was considered eradicated if ( 1 ) P. aeruginosa was not detected at Week 6, or if ( 2 ) the patient was unable to produce a sputum sample at Week 6 and P. aeruginosa was not isolated at Week 4. A patient's response was defined as reduced by treatment if P. aeruginosa was recovered from the Week 6 sputum sample but was reduced by at least 2 log 10 cfu/g at Week 4 compared with baseline. A patient had no microbiological response if P. aeruginosa did not decrease 2 log 10 cfu/g at Week 4 or if the patient withdrew from the study.
Statistical Analysis
The sample size calculation was based on 85% power to detect a 1.0 log 10 difference in P. aeruginosa density between the treatment groups. All patients who received at least one dose of either TSI or placebo (intent-to-treat) were included in the statistical analyses. The groups were compared with respect to the mean change from baseline values in P. aeruginosa density using two-sample, two-sided t tests. The measurement at Week 0 was used as the baseline value unless unavailable; in that event, the measurement at the screening visit was used. Any result of "no P. aeruginosa isolated" was numerically represented as 19 cfu/g, 1 cfu/g below the limit of detection for the quantitative bacterial culture.
The relationship between baseline characteristics and investigator's subjective assessment of patients' general medical condition (improved, not improved) at Week 6 was analyzed using logistic regression. Logistic regression was also used to assess the relationship between general medical condition and change in P. aeruginosa density.
Within each treatment group, airway reactivity (percent change in FEV 1 from pre-to post-study drug administration) was analyzed using the Wilcoxon signed rank test.
RESULTS
A total of 125 patients were screened for this study (Figure 1) . A majority of the 47 patients who failed screening did so because their sputum contained less than 10 4 cfu/g P. aeruginosa . Seventy-eight patients were randomized and 74 patients received at least one dose of study drug; 37 received TSI and 37 received placebo. Similar numbers of patients in each treatment group withdrew from the study, six of 37 (16%) in the TSI group and eight of 37 (22%) in the placebo group ( Figure  1 ). The treatment groups were similar at baseline values with respect to sex, age, race, P. aeruginosa density in sputum, and pulmonary function (Table 1 ). Both treatment groups adhered to the dosing requirements; 81% of patients in the TSI group and 86% in the placebo group used more than 80% of the drug doses.
At all time points of the study, patients treated with TSI had a significant reduction in sputum P. aeruginosa compared with patients treated with placebo ( Figure 2 ). At the end of treatment (Week 4), TSI-treated patients had a mean decrease of 4.54 log 10 cfu/g sputum compared with a mean increase of 0.02 log 10 cfu/g sputum in patients receiving placebo (p Ͻ 0.01). After the 2-wk follow-up period (Week 6), the mean reduction observed in the TSI group was smaller than at previous weeks, indicating that some regrowth of the organism had occurred after the cessation of TSI administration. The placebo group had a negligible change in P. aeruginosa density at all time points.
At the end of the study (Week 6), more TSI-treated patients (23 of 37, 62%) than placebo-treated patients (14 of 37, 38%) were assessed as having an improved medical condition. The odds that a patient receiving TSI would improve were 2.7 times higher than for a patient who received placebo (95% confidence interval [CI] 1.1 to 6.9). In addition to treatment group, sex was also a significant predictor of clinical improvement; 62% of women were assessed as improved compared with 31% of men (p ϭ 0.01). Other baseline characteristics, e.g., whether the patient smoked and baseline FEV 1 were not predictive. Logistic regression analyses performed to evaluate the relationship between clinical improvement and change in P. aeruginosa density showed that decreases in cfu/g sputum at Weeks 2 (p Ͻ 0.01), 4 (p Ͻ 0.01), and 6 (p ϭ 0.04) were significant predictors of improved medical condition. Examination of individual patient's microbiological response shoed that one-third (13 of 37) of the TSI-treated patients had P. aeruginosa eradicated from their sputum ( Table 2 ). Twelve of these 13 patients were assessed as having an improved medical condition at Week 6. An addition third (12 of 37) showed a reduction of at least 2 log 10 in P. aeruginosa density at Week 4. Nine of these 12 patients were assessed as improved. The last third (12 of 37) of TSI-treated patients had no microbiological response, and 10 of these patients were not improved. In contrast, 33 of 35 (94%) of the placebo patients had no microbiological response and only two of 35 (6%) had greater than a 2 log 10 decrease in P. aeruginosa density.
Decreased susceptibility of bacteria to a drug is a common consequence of treating chronically infected patients with antibiotics. In this study, 26% (eight of 31) of TSI patients had P. aeruginosa isolates that showed at least a fourfold increase from baseline to Week 6 in the tobramycin MIC compared with 14% (four of 29) of placebo patients (p ϭ 0.25, Table 3 ). Because a resistance breakpoint for administration of aerosolized tobramycin to treat P. aeruginosa has not been established, the value for parenteral administration (MIC у 16 g/ ml) (22) was used to determine the number of patients who had resistant P. aeruginosa develop during the course of treatment. Four of 36 (11%) patients in the TSI group and one of 32 (3%) patients in the placebo group who began the study with susceptible P. aeruginosa had resistant P. aeruginosa at their last visit (p ϭ 0.36). Three of the four patients in the TSI group who developed resistant P. aeruginosa showed no microbiological response. The general medical condition of all four patients was assessed as not improved.
Changes in pulmonary function were not significantly different between the treatment groups. The mean percent change from Week 0 to Week 4 in FEV 1 percent predicted was similar for the TSI and placebo group ( Ϫ 2.2% versus 1.5%, respectively, p ϭ 0.41). The mean percent change in FVC percent predicted was also similar for both TSI and placebo groups ( Ϫ 2.8% versus 2.2%, respectively, p ϭ 0.19).
Thirty-one of 37 (84%) patients in each treatment group reported at least one adverse event. Respiratory system adverse events were reported by 26 (70%) TSI patients and by 19 (51%) placebo patients. The incidence of dyspnea, chest pain, and wheezing was significantly greater in the TSI group (Table 4) . Chest pain appeared to be related to the respiratory system based on investigator comments (e.g., chest tightness and pleuritic pain) and on the treatment interventions (bronchodilators and analgesics). Investigators reported that the adverse events were related to study drug administration for 12 of 15 TSI-treated patients reporting increased cough, for three of 12 patients experiencing dyspnea, for three of the six patients with wheezing, and for three of the seven patients reporting chest pain. In the TSI group, sample sizes were n ϭ 37 (Week 0), n ϭ 32 (Week 2), n ϭ 31 (Week 4), and n ϭ 28 (Week 6). In the placebo group, sample sizes were n ϭ 37 (Week 0), n ϭ 33 (Week 2), n ϭ 30 (Week 4), and n ϭ 29 (Week 6). The error bars represent 95% confidence intervals. * Two patients were not evaluable for microbiological response. One patient, who had P. aeruginosa at the screening visit, had a negative culture 2 wk later at the baseline visit. The second patient did not have a sample collected at Week 4. Both patients were assessed as not improved.
† No P. aeruginosa detected at Week 6. ‡ P. aeruginosa cfu/g decreased at least 2 log 10 at Week 4. § P. aeruginosa cfu/g did not decrease at least 2 log 10 at Week 4 or patient withdrew from the study.
ʈ Includes six TSI and eight placebo patients, respectively, who withdrew from the study. Patients hospitalized and treated for exacerbation of their pulmonary disease included five patients in the TSI group and one patient in the placebo group (p ϭ 0.20). The placebo patient and four of the five TSI patients were treated with additional antibiotics. A tobramycin-resistant P. aeruginosa strain was isolated from only one of the TSI patients. The susceptibility test result was reported after hospitalization and after the patient had received two additional courses of nonstudy inhaled tobramycin. None of the other hospitalized TSI patients had treatment-emergent isolation of any other potentially pathogenic tobramycin-resistant organisms. The fifth TSI patient received oral and intravenous corticosteroids but continued to administer TSI while in the hospital. The patient completed the study and P. aeruginosa was eradicated from the patient's sputum.
Airway reactivity (percent change in FEV 1 from pre-to post-study drug administration) was not significantly different from zero percent for either the TSI group (mean ϭ Ϫ1% Week 0, Ϫ3% Week 4) or placebo group (mean ϭ Ϫ3% Week 0, Ϫ1% Week 4).
Overall, no clinically significant changes in laboratory values, including blood urea nitrogen (BUN) and creatinine, occurred in patients in either treatment group. The median tobramycin concentration in serum of TSI-treated patients measured 30 to 60 min after drug administration was 0.54 g/ ml and ranged from the lower limit of detection (0.18 g/ml) to 2.64 g/ml.
DISCUSSION
Previous reports suggested that the presence of P. aeruginosa in patients with bronchiectasis is associated with increased disease symptoms and a worsened prognosis (6, 7) . The use of nebulized antibiotics for the management of P. aeruginosa has been advocated for patients with bronchiectasis (12, 23) . Orriols and colleagues recently published a small study that suggested that inhaled ceftazidime and tobramycin reduced disease severity in non-CF patients with bronchiectasis (24) . The study reported here presents a quantitative evaluation of sputum P. aeruginosa during the course of inhaled antibiotic therapy and relates the data to the physician's assessment of the patients' medical condition.
Some earlier small studies of oral and inhaled antibiotics in non-CF bronchiectasis have shown eradication of P. aeruginosa but no studies have included quantitative microbiology (9, 10, 12, 24) . Aerosolized tobramycin in a large CF study showed an average reduction of 1.7 to 2.0 log 10 cfu/g with a rebound to baseline values 2 wk after cessation of therapy (17) . In this study, the marked decline in the sputum density of P. aeruginosa was 2 to 3 log 10 greater than in the CF study and was noted as early as 2 wk after treatment began. Additionally, 35% of the patients treated with TSI had no detectable P. aeruginosa 2 wk after therapy was discontinued. Moreover, the significant decrease in bacterial load was associated with an improved medical condition in these patients.
We did not observe improvement in FEV 1 for patients in the TSI group compared with patients in the placebo group, which is consistent with observations of others (4, 10, 12, 24) . Tsang and coworkers (25) reported that patients with bronchiectasis who received longer-term antibiotic therapy and chest physiotherapy (CPT) had significant improvement in FEV 1 and other spirometry indices compared with patients who received CPT and placebo. The number of patients who received CPT during this study was small and the change in FEV 1 varied for these patients such that we could not determine the nature of the relationship. The impact of concurrent CPT use with TSI on lung function warrants further exploration in a larger long-term trial.
Patients with chronic infections are at increased risk of being colonized with resistant bacteria because they receive multiple courses of antibiotic therapy. Although no breakpoint has been established for administration of aerosolized tobramycin, four of the patients treated with TSI developed P. aeruginosa that would be reported as "resistant" based on the current breakpoint for parenteral tobramycin (у 16 g/ml) (22) . Previous studies of patients with CF showed that when the tobramycin MIC increased above the breakpoint for P. aeruginosa, it often decreased once the antibiotic pressure was removed (13, 26) .
Pulmonary exacerbations are expected events in the course of bronchiectasis and often patients require hospitalization or antibiotics for treatment (18) . A greater number of TSI-treated patients require hospitalization, but a greater number of placebo patients withdrew from the study to be treated with antibiotics. Even though more TSI patients than placebo patients reported respiratory adverse experiences, those symptoms did not limit therapy. In general, these patients did not withdraw from the study.
Increased pulmonary symptoms were seen in the adverse events in the TSI group despite the investigators' assessment of improved medical condition. The investigator assessment was subjective and requires further study to understand measures of quality of life as they relate to clinical benefit in bronchiectasis. It is also possible that inhaled tobramycin may cause adverse respiratory effects such as bronchospasm, and more studies are needed to evaluate this possibility.
The results of this study, which was designed and powered to determine the microbiological efficacy of tobramycin solution for inhalation, show that TSI markedly reduced sputum P. aeruginosa density. Further investigation is necessary to define and demonstrate clinical efficacy and safety in non-CF patients with bronchiectasis. 
